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ABSTRACT 
 Optoelectronic devices operating in the mid-infrared spectral region are attracting 
increasing attention due to potential applications in a wide range of disciplines.  For 
example, mid-infrared photodetectors play a key role in thermophotovoltaic (TPV) 
energy conversion, whereby a photovoltaic device is used to extract electrical power from 
heat radiation.  This technology is attractive for waste heat harvesting and clean energy 
production in several different environments.  Similarly, mid-infrared light sources are 
particularly useful for biochemical sensing and spectroscopy, where the distinctive 
absorption features of many molecular species of interest can be exploited for their 
sensitive identification and detection.  Both devices are investigated in this thesis work. 
 In the area of TPV energy conversion, I have studied the use of intersubband 
transitions in semiconductor quantum cascade structures as a means to overcome the 
fundamental limitations of existing TPV devices using mature InP-based technology.  
Very efficient coverage of the incident radiation spectrum and optimal current matching 
can be achieved using multiple quantum-cascade structures monolithically integrated 
with a p-n junction, by taking advantage of their intrinsic cascading scheme, spectral 
  viii 
agility, and design flexibility.  Numerical simulations indicate that this approach can 
effectively double the present state-of-the-art in TPV output electrical power. 
 In the area of mid-infrared light sources, my work has focused on developing 
efficient light emitters based on tensilely strained Germanium nanomembranes (Ge 
NMs).  These ultrathin (a few ten nanometers) single-crystal membranes are good 
candidates for the development of CMOS-compatible Group-IV light sources, by virtue 
of their ability to sustain large strain levels and in the process become direct-bandgap 
materials.  My research efforts have concentrated on the development of optical cavities 
based on Ge NMs that can satisfy the mechanical flexibility requirement of this materials 
platform.  In particular, photonic-crystal (PhC) cavities in the form of disconnected 
dielectric-column arrays have been designed and fabricated based on a novel membrane 
assembly method, producing clear cavity-mode features in NM photoluminescence 
spectra. 
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1 INTRODUCTION 
Optoelectronic devices operating in the mid-infrared (MIR) spectral region are drawing 
increasing research attention due to their potential applications in a wide range of 
disciplines.  MIR photodetectors play an important role in thermophotovoltaic (TPV) 
energy conversion systems, where electrical power is extracted from heat radiation.  Such 
systems are attractive for waste heat harvesting and clean energy production in various 
environments, including industrial plants, office and residential buildings, spacecrafts for 
deep-space missions, and hybrid electric cars [1], [2].  Similarly, MIR light sources are 
very useful in biochemical sensing and spectroscopy, where the distinctive absorption 
features of many molecular species of interest can be exploited for their sensitive 
identification and detection.  Specific applications include environmental monitoring, 
bio-agent detection for security screening, medical diagnostics, and industrial process 
control.   
 Motivated by the above-mentioned applications, two types of novel optoelectronic 
devices are studied in this thesis work.  The first is a TPV detector based on the use of 
intersubband (ISB) transitions in specially designed quantum cascade (QC) structures.  
These structures are ideally suited to the development of high-efficiency multiple-
junction photovoltaic devices, by virtue of their intrinsic cascading scheme, spectral 
agility, and design flexibility.  In fact, my numerical simulations indicate that such ISB 
devices, either by themselves or further integrated with interband p-n junction absorbers, 
can significantly outperform existing TPV diode technologies.  Specifically, the device 
concept theoretically investigated in this work involves the series combination of 
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different QC structures based on the same materials system (so as to avoid strain 
accumulation), each providing efficient photovoltaic energy conversion over a different 
portion of the input radiation spectrum.  A novel bound-to-continuum design is employed 
in these structures, allowing for the accurate control of their electrical characteristics for 
the purpose of current matching. 
 The second device is a MIR semiconductor light emitter based on ultrathin 
nanomembranes (NMs), i.e., single-crystal sheets with thicknesses of only a few tens of 
nanometers.  The unique attribute of these active layers, compared to traditional 
semiconductor active media, is their structural flexibility similar to that of soft materials.  
As a result, when bonded onto polymeric substrates, NM-based devices can operate in 
non-traditional environments involving the presence of strong mechanical deformations.  
For the same reason, large mechanical stress can be externally applied on NM active 
layers to directly control their emission properties, for example providing unprecedented 
tunability of the output wavelength.  Specifically, my research was focused on the 
application of relatively large (> 1.4 %) biaxial tensile strain on Germanium 
nanomembranes (Ge NMs) to enable light emission enhancement due to the transition of 
Ge from indirect bandgap to direct bandgap material at large tensile strain (about 1.9 %) 
and to shift the emission wavelength into the MIR spectral region.  The key challenge for 
the development of these devices is related to optical confinement in flexible active 
layers with highly sub-wavelength nanoscale thicknesses.  I developed two-dimensional 
photonic-crystal (PhC) arrays of high-index dielectric columns on the active NMs, 
featuring sufficiently large optical thickness to provide strong confinement of the emitted 
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light in the vertical (i.e., out-of-plane) direction.  At the same time, by virtue of their 
disconnected nature, these column arrays do not diminish the mechanical flexibility of 
the underlying NM and its ability to sustain large amounts of strain before the onset of 
plastic deformation.  Furthermore, distributed optical feedback can be established via in-
plane coupling among the guided slab modes.  These ideas have been theoretically and 
experimentally investigated in the course of my thesis work. 
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2 INTERSUBBAND THERMOPHOTOVOLTAIC DETECTORS 
2.1 Background Information 
2.1.1 Thermophotovoltaic Energy Conversion 
TPV energy conversion, whereby a photovoltaic device is used to extract electrical power 
from heat radiation, is an application of MIR optoelectronics that is currently the subject 
of strongly revived research interest [1-16].  A schematic illustration of a typical TPV 
system is shown in Figure 2.1.  The heat energy input may be provided by a variety of 
potential sources, including solar concentrators, nuclear power, fuel combustion, 
geothermal sources, or waste heat stream from a high-temperature industrial process 
[1,2].  An efficient radiative emitter (often based on tungsten, graphite, or silicon carbide) 
is used to convert the input heat into infrared radiation, which in turn is then converted 
into electricity with an array of photovoltaic devices.  To improve the overall conversion 
efficiency, a spectral filter is commonly used to redirect the un-absorbable radiation (i.e., 
below-bandgap radiation in the case of interband TPV cells) back to the emitter so as to 
help maintain its high temperature. 
 
 
Figure 2.1 Schematic illustration of a typical TPV system. 
 
  
RADIATIVE
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 While TPV technologies have been under development for several years, the 
current focus on alternative and more efficient energy sources is motivating strong 
renewed interest and efforts to improve their energy production capabilities.  In the 
aforementioned applications common radiator temperatures are on the order of 1000 ºC, 
and as a result efficient TPV energy conversion via interband absorption ideally requires 
materials with bandgap wavelength of about 2-3 μm (i.e., in the MIR spectral region).  In 
practice InGaAs(Sb) or GaSb single-junction photodiodes are typically used.  The overall 
TPV-system performance depends on the conversion efficiency of these devices, which 
in turn is ultimately determined by two limiting factors:  
1. below-bandgap photons cannot be absorbed and therefore their energy cannot be 
harvested;  
2. while photons of energy well above the bandgap can be efficiently absorbed, only 
a fraction of their energy is converted into electricity, with the remainder lost to 
the lattice as the resulting photocarriers relax to the bottom of their respective 
bands before being collected.   
 As in the case of solar cells, any attempt to increase the efficiency of TPV devices 
must therefore address these two fundamental limitations, which often impose conflicting 
requirements (e.g., in the choice of the optimal bandgap energy).   
 A possible route toward higher efficiency is the use of cascaded multiple 
junctions of different bandgap energy, each providing efficient conversion of near-
bandgap radiation over a different photon-energy range [17].  This approach is already 
well established in the context of solar cells, although its implementation is complicated 
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by various material and design issues.  Most notably, semiconductors of widely different 
bandgap energies typically also feature proportionally different lattice constants, so that 
the number of multiple junctions that can be grown on top of one another is limited by 
strain accumulation.  Furthermore, the ability to fully exploit the combined potential of 
cascaded multiple junctions for high efficiency is complicated by the requirement that 
their individual currents must be carefully matched to one another.  In fact, in the context 
of TPV technologies, tandem devices have so far failed to improve on the performance of 
optimized single-junction photodiodes, mainly due to material quality issues [7,9].   
 Numerical studies carried out in this thesis work [18,19] have shown that TPV 
devices with superior performance characteristics can be developed based on ISB 
transitions in specially designed QC structures.  Specifically, these structures are ideally 
suited to the implementation of high-efficiency multiple-“junction” TPV cells, as 
explained in the following section. 
 
2.1.2 Quantum Cascade Photodetectors 
ISB transitions in semiconductor quantum wells (QWs) – i.e., electronic transitions 
between quantized states derived from the same energy band – offer several attractive 
features for optoelectronic device development [20], particularly in the mid- and far-
infrared spectral regions where they can be used to overcome some of the intrinsic 
limitations of narrow-bandgap materials.  In fact, ISB transitions already form the basis 
of well established devices such as MIR and THz QC lasers and quantum-well infrared 
photodetectors (QWIPs).  Over the past several years these devices have fully entered the 
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marketplace and have found widespread applications in areas such as imaging, sensing, 
and spectroscopy.  
 QC detectors are ISB photovoltaic devices which have been demonstrated 
recently with a variety of materials systems [21-27] for thermal imaging applications.  
Their active materials generally consist of several repetitions of identical multiple-QW 
repeat units (stages) grown on top of one another.  Their basic operating principle is 
illustrated in the conduction-band diagram of Figure 2.2, which shows a portion of the 
GaAs/AlGaAs QC detector of [22] under zero-bias conditions.  The processes of photon 
absorption and photocarrier collection are indicated by the vertical and diagonal arrows, 
respectively.  After being photoexcited in any given stage, electrons are transported into 
the next stage via LO-phonon-assisted transitions through the intervening staircase of 
bound states (whose energy separations are nearly resonant to the LO-phonon energy so 
as to maximize the transport efficiency).  The resulting photocurrent flows from left to 
right in the figure, producing a photovoltage drop in the opposite direction if a load is 
connected to the device: correspondingly electrical power can therefore be delivered to 
the load. 
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Figure 2.2 Conduction-band lineup of adjacent repeat units of the 
GaAs/AlGaAs QC structure of [22] under zero-bias conditions.  The 
squared envelope functions of the relevant bound states are also 
shown, referenced to their respective energy levels. The processes of 
photon absorption and photocarrier collection are illustrated by the 
vertical and diagonal arrows, respectively. 
 
 It should be emphasized that (similar to QC lasers) QC detectors are unipolar 
devices whose operation only relies on the transport of conduction-band electrons.  Thus, 
all layers in the active material are either intrinsic or n-doped, both contacts are n-type, 
and there is no hole transport to worry about.  The ability of such devices to operate 
without any externally applied electric field in the photovoltaic mode has been 
demonstrated in a number of reports [21-27].   
 Besides providing a convenient way to extend the absorption cutoff to longer and 
longer wavelengths while still using well-established materials systems, several 
properties of QC detectors are particularly well suited to the implementation of high-
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efficiency multiple-junction TPV cells.  Specifically: the absorption wavelength can be 
tuned by design over a broad range using the same QW materials system, by simply 
varying the layer thicknesses; as a result, an arbitrarily large number of different stages 
(“junctions”) absorbing at different wavelengths can be grown on top of one another with 
no strain accumulation; each stage provides absorption over a relatively narrow spectral 
region, so that the energy of all absorbed photons can be extracted with high efficiency; 
the great design flexibility of ISB devices in general allows for accurate control of the 
current-voltage characteristics of each stage (as explained in more detail in Section 2.3 
below), which in turn simplifies the crucial problem of current matching.   
 This list essentially comprises all the required ingredients for the development of 
an “ideal” multiple-junction photovoltaic cell [17].  It should also be noted that ISB 
devices in general feature a rather weak temperature dependence, compared to analogous 
interband devices operating at the same wavelength.  For example, the threshold-current 
characteristic temperature of QC lasers is much larger than that of typical interband diode 
lasers [28], and mid-infrared QC lasers based on InGaAs/InAlAs QWs are now capable 
of cw emission up to a temperature of over 400 K [29], with room-temperature cw power 
levels in excess of 1 W [30,31].  Similarly mid-infrared QC detectors have already been 
shown capable of operation without active cooling [24-27], as required for practical TPV 
applications.   
 Furthermore, we note that the well-known decrease in the photocurrent of 
cascaded devices such as QWIPs and QC detectors with increasing number of repeat 
units [32] is not an issue in the present context, since it is compensated by a proportional 
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increase in cumulative photovoltage across the load.  In fact, even in the context of 
interband TPV devices, monolithic interconnected modules (MIMs) consisting of several 
identical series-connected junctions on a common substrate are often employed [5,7,8], as 
they tend to provide greater flexibility for system design.  
 
2.2 Simulation Results 
2.2.1 Intersubband Thermophotovoltaic Devices 
In the initial phase of my thesis work, specific implementation of this novel TPV device 
concept was designed for energy conversion from a representative blackbody source at 
1300 K [18].  This device is based on In0.7Ga0.3As/AlAs0.8Sb0.2 QWs, whose large 
conduction-band offset allows for ISB absorption over a broad spectral range, and which 
can be grown strain compensated on InP [24,33].  Its active region comprises four 
different QC stages grown on top of one another, providing absorption over four adjacent 
spectral regions.  
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Figure 2.3 Γ-valley conduction-band lineup of the multiple-junction 
QC TPV device described in the text.  The squared envelope functions 
of the relevant bound states are also shown, referenced to their 
respective energy levels.  The processes of photon absorption and 
photocarrier collection are illustrated by the vertical and diagonal 
arrows, respectively.  
 
 The Γ-point conduction-band lineup of this device in the presence of photovoltage 
is shown in Figure 2.3, together with the squared envelope functions of the relevant 
bound states (referenced to their respective energy levels).  A standard Schrödinger-
equation solver based on the effective-mass approximation and on a transfer-matrix 
numerical technique was used to generate these plots.  As explained below, the electric 
fields across the four different stages in this figure are such that in the presence of 1300-
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K blackbody radiation the same amount of current is produced in every stage, so that no 
current bottlenecks exist under these conditions.   
 In these QC stages, the incident radiation is absorbed via ISB transitions from the 
two lowest bound states of a pair of coupled QWs (blue traces in the figure) to a manifold 
or “continuum” of excited states in the same two QWs (red traces).  The latter states 
belong to a chirped superlattice miniband which extends into the four adjacent QWs.  
After rapidly relaxing to the bottom of such miniband, the photoelectrons are transported 
into the next stage via LO-phonon-assisted transitions through the intervening staircase of 
bound states.  The key advantage of this novel “bound-to-continuum” design is that by 
tuning the miniband spectral width one can control the absorption linewidth, and hence 
the amount of photocurrent produced by each stage in the presence of thermal radiation; 
in turn, this provides the key design parameter to ensure optimal current matching among 
the different stages.  Finally, the device of Figure 2.3 is also designed to ensure efficient 
injection/extraction of electrons between the multiple-QW active region and the adjacent 
InP substrate/upper contact layer, as indicated by the horizontal arrows in the figure.   
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Figure 2.4 Emission spectrum of a blackbody source at 1300 K 
(dashed line), and dimensionless absorption spectra of the four QC 
stages of the multiple-junction device described in the text (solid 
lines). 
 
 The calculated ISB absorption spectra of the four QC stages of Figure 2.3 are 
plotted in Figure 2.4 (solid lines), where they can be seen to cover a sizeable fraction of 
the incident thermal radiation spectrum (dashed line).  Additional stages providing ISB 
absorption at longer wavelengths could be designed; however, they would not add 
appreciably to the total output electrical power due to the strong increase in dark current 
with decreasing transition energy.  On the other hand, extending the short-wavelength 
limit of the covered spectral range is hindered by the finite barrier height of the active 
material.  In particular, in the QW system of Figure 2.3 the effective conduction-band 
offset is about 0.78 eV, as determined by the difference between the X-valley minima in 
the AlAs0.8Sb0.2 barriers and the Γ-valley minimum in the In0.7Ga0.3As wells [33, 34]. 
 In Figure 2.5(a) we show the calculated room-temperature electrical 
Fig. 4. Emission spectrum of a blackbody 
source at 1300 K (dashed line), and 
dimensionless absorption spectra of the 
four QC stages of the multiple-junction 
device described in the text (solid lines).  
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characteristics (current density J  Jp – Jd versus photovoltage V) of the same four QC 
stages in the presence of 1300-K blackbody radiation.  Here the photocurrent density Jp 
of each stage was computed for the ideal case where every incident photon with energy 
within the stage absorption bandwidth is absorbed (as is commonly assumed for the 
purpose of evaluating the limiting performance of photovoltaic devices [17]).  In any 
case, ISB photodetectors with near-unity polarization-independent quantum efficiency 
can be experimentally realized, as described in [35].  Furthermore, the dark current 
contribution Jd to the traces of Figure 2.5(a) was computed using the model developed in 
[23], based on the assumption of quasi-thermal equilibrium within each “cascade” of 
highly connected bound-state subbands.  More details regarding these computations can 
be found in [18].   
 
Figure 2.5 (a) Current density J  Jp – Jd versus photovoltage V for 
each QC stage of Figure 2.3, in the presence of thermal radiation from 
a blackbody source at 1300 K.  The symbol on each trace indicates the 
operating point where the electrical power density JV produced by 
the corresponding stage is maximum.  (b) Current density J  Jp – Jd 
versus combined photovoltage Vtot for the multiple-junction device of 
Figure 2.3 (dashed line), and corresponding output power density P = 
JVtot versus Vtot (solid line).   
 
  
-0.1 0.0 0.1 0.2 0.3 0.4 0.5
-2
0
2
4
6
 
C
u
rr
e
n
t 
D
e
n
s
it
y
 (
A
/c
m
2
)
Voltage (V)
-0.5
0.0
0.5
1.0
1.5
P
o
w
e
r 
D
e
n
s
it
y
 (
W
/c
m
2
)
(a)
(b)
0.00 0.05 0.10 0.15 0.20
-4
-2
0
2
4
6
8
Voltage [V]
 QC1
 QC2
 QC3
 QC4
 
 
C
u
rr
e
n
t 
D
e
n
s
it
y
  
 [
A
/c
m
2
]
C
u
rr
e
n
t 
D
e
n
s
it
y
 (
A
/c
m
2
)
P
o
w
e
r 
D
e
n
s
it
y
 (
W
/c
m
2
)
 
C
u
rr
e
n
t 
D
e
n
s
it
y
  
 [
A
/c
m
2
]
  
15 
 The symbol on each trace of Figure 2.5(a) indicates the operating point where the 
electrical power density produced individually by the corresponding stage (given by the 
product JV) is maximum.  By design, these operating points all occur at roughly the same 
current density of about 4.2 A/cm
2
, i.e., the individual stages of the device of Figure 2.3 
are optimally current matched to one another.  As a result, when J = 4.2 A/cm
2
 the output 
power of this multiple-junction device is given by the full sum of the maximum output 
powers of its individual stages.  The band diagram of Figure 2.3 corresponds to such 
optimal operating point.   
 The electrical characteristics of the multiple-junction device of Figure 2.3 are 
shown by the dashed line in Figure 2.5(b).  This trace was obtained by adding the 
photovoltages of the four QC stages for each value of J, starting from exponential fits to 
the data of Figure 2.5(a).  The solid line in Figure 2.5(b) is the corresponding electrical 
power density P = JVtot plotted versus combined photovoltage Vtot.  A maximum output 
power density of 1.4 W/cm
2
 is inferred from these data.  By comparison, the present 
state-of-the-art in TPV energy conversion from a thermal source at the same temperature 
of 1300 K is about 0.8 W/cm
2
, obtained with a lattice-mismatched InGaAs photodiode on 
InP [8]. 
 
2.2.2 Integrated Interband/Intersubband Thermophotovoltaic Devices 
The numerical results just described clearly highlight the potential of multiple-junction 
QC devices for TPV energy conversion.  At the same time, however, these devices are 
still limited in their ability to efficiently cover the entire incident radiation spectrum, due 
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to the finite barrier height of the QWs which prevents absorption of the higher-energy 
photons.  In principle, this limitation could be overcome by using heterostructures with 
even larger conduction-band offsets, such as GaN/Al(Ga)N or ZnCdSe/ (Zn)(Cd)MgSe 
QWs.  However, despite significant progress in recent years [25, 36], these materials 
have not yet reached the same level of maturity for ISB device development as As-based 
QWs.  Alternatively, a more complete coverage of the incident radiation spectrum can be 
obtained through the combined use of interband and ISB photovoltaic detection within 
the same device.   
 The latter idea is illustrated schematically in Figure 2.6.  In this case, several 
different QC stages are grown on top of the n side of a p-n junction having suitably large 
bandgap energy.  The incident radiation is coupled-in through the p side, so that the 
higher-energy photons can be immediately absorbed in the p-n junction.  The resulting 
photoelectrons are swept by the junction built-in electric field towards the ISB absorption 
region where they are injected into the QC stages, while the photoholes are collected 
through the p-side contact without having to traverse the QWs.  The lower-energy 
incident photons are then absorbed in the QC stages and converted into photoelectrons as 
described in the previous section.  Once again, the individual QC stages can be 
specifically designed to be current-matched to one another and to the underlying p-n 
junction. 
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Figure 2.6 Schematic band diagram of the proposed integrated 
interband/ISB TPV device under short-circuit conditions.   
 
 To design this device, we considered an In0.67Ga0.33As p-n junction monolithically 
integrated with four different In0.83Ga0.17As/AlAs0.65Sb0.35 QC structures [19].  With this 
choice of compositions the p-n junction is identical to the high-performance TPV diode 
of [8], which was grown on an InP substrate using a graded InPAs buffer layer.  At the 
same time, the overlaying QC stages are strain compensated so that no net strain 
accumulates across the device and the resulting performance degradation due to defect 
formation can be avoided.  Furthermore, the bandgap energy of the p-n junction (0.6 eV) 
is just slightly larger than the maximum photon energy that can be absorbed in the QC 
active material (0.54 eV), so that near-optimal coverage of the incident radiation 
spectrum can be achieved.   
 The calculated electrical characteristics of the individual “junctions” of this 
integrated interband/ISB device are plotted in Figure 2.7(a).  The current density of the p-
n junction here was computed using standard formulas [37], including the contributions 
of minority carrier diffusion and Auger recombination and assuming complete absorption 
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of all incident photons with above-bandgap energy.  The electrical characteristics of the 
QC stages were calculated as described in the previous section.  In Figure 2.7(b) we show 
the corresponding plots of current density J and output power density P versus 
photovoltage Vtot of the entire device (dashed and solid lines, respectively), based on 
exponential fits of the traces of Figure 2.7(a).  The maximum output power density in this 
case is about 2.8 W/cm
2
.   
 
 
Figure 2.7 (a) Current density J versus photovoltage V for the p-n 
junction and the four QC stages of the multiple-junction device of 
[19], in the presence of thermal radiation from a blackbody source at 
1300 K.  (b) Current density J versus combined photovoltage Vtot for 
the same multiple-junction device (dashed line), and corresponding 
output power density P = JVtot versus Vtot (solid line). 
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2.2.3 Comparison with the State-Of-The-Art 
As already mentioned, the experimental state-of-the-art in TPV output power density in 
the presence of 1300-K blackbody radiation is about 0.8 W/cm
2
, obtained with an 
In0.67Ga0.33As p-n junction having 0.6-eV bandgap energy [8].  In the numerical study of 
[19], the output power density of the same device under the same illumination conditions 
was found to be limited to a maximum theoretical value of about 1.4 W/cm
2
.  It should be 
noted that a large lattice mismatch (nearly 1%) exists between this p-n junction material 
and its InP substrate, so that use of a compositionally graded InPAs buffer layer was 
needed to minimize strain-induced defect formation within the junction [8].  Lattice-
matched InGaAs p-n junctions can be grown on InP using a larger GaAs mole fraction 
(47%), likely featuring a higher crystalline quality; at the same time, however, the larger 
bandgap energy of this alloy (0.74 eV) leads to a reduced TPV output power density 
(limited to a maximum theoretical value of about 0.8 W/cm2 in the presence of 1300-K 
blackbody radiation based on the same simulation model of [19]).   
 Interband tandem TPV cells have also been experimentally investigated, in 
particular using different InGaAs compositions or InGaAs/InGaAsP alloys [7,9].  
However, so far these devices have not been able to improve on the performance of 
existing single-junction photodiodes, mainly due to limited material quality associated 
with the large lattice mismatches involved.  Regarding their expected limiting 
performance, we have used the model of [19] to study their output power density in the 
presence of 1300-K blackbody radiation.  A maximum theoretical value of less than 1.5 
W/cm
2
 was computed. 
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 By comparison, the multiple-junction QC device of Section 2.2.1 can in principle 
produce up to 1.4 W/cm
2
 under the same conditions, as shown in Figure 2.5(b).  
Furthermore, it can be grown directly on InP without any strain accumulation, so that it 
does not require any further material advance to be realized with high structural quality.  
Therefore this TPV device can already provide substantial improvements over the present 
state-of-the-art.  The integrated interband/ISB device of Section 2.2.2 involves a lattice-
mismatched 0.6-eV-bandgap-energy In0.67Ga0.33As p-n junction, which can be grown on 
InP using a graded InPAs buffer as in [8]; the overlaying QC stages are then strain-
compensated on this alloy composition so that no strain accumulation occurs across the 
entire device.  As shown in Figure 2.7(b), the limiting output power density in the 
presence of 1300-K blackbody radiation in this case is as large as 2.8 W/cm
2
.  Therefore 
this device can effectively double the present state-of-the-art in TPV output power.  The 
proposed TPV devices are therefore promising for a disruptive impact on the 
performance of TPV energy conversion systems.   
 Finally, we note that throughout this discussion we have used output power 
density rather than conversion efficiency as the central figure of merit, since in the case 
of TPV systems conversion efficiency depends on several factors besides the cell 
properties, such as the use of filters to recuperate the non-absorbable radiation [1].  
Output power density therefore provides a more direct way of evaluating the TPV active 
material.  Incidentally, the studied multiple-junction devices also allow optimizing the 
tradeoff between output power and conversion efficiency depending on the type of 
spectral control used. 
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3 GERMANIUM NANOMEMBRANE LIGHT EMITTERS 
3.1 Motivations 
Inorganic semiconductor NMs have recently emerged as a promising materials platform 
for a wide range of fundamental studies and device applications [38].  Their fabrication 
involves the release of a thin film from its original substrate via the selective etch of an 
underlying sacrificial layer.  The resulting membranes can be single-crystal while at the 
same time exhibiting exceptional flexibility, with the capability of folding and unfolding 
many times without damage.  After release from the handle wafer, they can be transferred 
and strongly adhered onto a variety of foreign substrates using several techniques, such as 
wet transfer and dry printing.  Because of their extreme geometrical aspect ratios and the 
resulting unique mechanical properties, NMs offer novel opportunities for strain 
engineering [39-43], both through spontaneous elastic strain sharing in multi-layer NMs 
upon release from their original substrate and through the external application of 
mechanical stress.  Furthermore, they have been shown to provide an attractive high-
performance alternative to organic semiconductors for the development of flexible 
electronic and photonic devices (including photodetectors, solar cells, and LEDs) [44-
50].   
 The NM technology platform can be employed for the development of ultrathin 
optoelectronic light emitters featuring extreme structural flexibility as well as mechanical 
tunability of their emission properties.  The active medium of these devices will consist 
of a single-crystal semiconductor NM with thickness of a few tens of nanometers, bonded 
onto a flexible host substrate (e.g., polyimide or polyethylene teraphthalate).  Because of 
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the intrinsic flexibility of thin NMs, these devices can sustain complex modes of 
deformation (such as bending with sub-mm radii, folding, and twisting), and therefore be 
employed in environments that are not suitable to traditional rigid semiconductor devices.  
Potential applications include sensor foils for structural engineering (e.g., to monitor 
stress and strain in critical support structures), smart clothing (e.g., to monitor vital body 
parameters), and robotic limbs (e.g., tactile sensors for artificial skin) [51].   
 In addition, the light emission properties can be widely tuned by mechanically 
stretching the host substrate (e.g., using high-pressure gas, or electronically with 
piezoelectric or MEMS actuators).  In particular, the resulting tensile strain introduced in 
the NM can strongly modify the electronic band structure, leading to a decrease in the 
bandgap energy and simultaneously a splitting of the heavy-hole (HH) and light-hole 
(LH) valence bands at the Γ point.  The emission wavelength can therefore be varied by 
directly shifting the entire emission spectrum through the application of mechanical 
stress.  It should be noted that this tuning mechanism is fundamentally different from 
presently employed techniques with traditional diode lasers, which generally rely on 
shifting the reflectivity spectrum of a grating mirror [52] so that the resulting tuning 
range is necessarily limited to a fraction of the gain spectrum.  In contrast, much larger 
tunability can be obtained with the NM lasers, as long as the active layer is thin enough to 
sustain high levels of tensile strain before the onset of plastic deformation.   
 The ideas just described can in principle be applied to any semiconductor 
material, including the III-V compounds that are traditionally used in diode lasers, in the 
form of either bulk or multiple-quantum-well NMs.  In the course of my research, 
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however, I focused on the development of strain-tunable NM devices based on Ge.  This 
choice is motivated by the following considerations:  
 Like other group-IV semiconductors, unstrained Ge has an indirect fundamental 
energy bandgap, which makes it unsuitable for laser action.  Extensive calculations, 
however, have indicated that biaxial tensile strain can be used to lower the direct bandgap 
energy relative to the indirect one [53-59], to the point that large optical gain can then be 
established under realistic pumping conditions.  The fundamental bandgap even becomes 
direct at a strain of about 1.9 %.  While this idea has been theoretically investigated for 
several years, its demonstration based on the traditional approach of heteroepitaxy has 
been problematic.  Specifically, commonly used substrates for the growth of Ge, such as 
Si and SiGe templates, have smaller in-plane lattice constants, and thus (under 
pseudomorphic growth conditions) produce compressively strained Ge epilayers.  By 
virtue of their nanoscale thicknesses, NMs under externally applied mechanical stress can 
reach the required strain levels while still maintaining high structural quality, as was 
experimentally demonstrated in recent work by our group [60, 61].  The proposed device 
platform is therefore ideally suited to enable high-performance laser operation in Ge.   
 As discussed in more detail in the next section, the expected emission wavelength 
of tensilely strained Ge lasers can be tuned across the 2.1-2.5 μm mid-infrared 
atmospheric transmission window.  This spectral region is technologically important for 
use in biochemical sensing and spectroscopy, where the distinctive absorption lines of 
many molecular species of interest can be used for their sensitive identification and 
detection.  Specific applications include trace-gas detection for environmental monitoring 
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and security screening, medical diagnostics (e.g., via breath analysis), and industrial 
process control.  Importantly, all these applications require a tunable laser source, and 
would therefore benefit strongly from the record wide tunability allowed by the proposed 
devices.  At the same time, the 2.1-2.5 μm spectrum lies at the boundary of what is 
presently covered by mature semiconductor laser technologies, i.e., GaAs- and InP-based 
diode lasers on the short-wavelength side and quantum cascade lasers at longer 
wavelengths [62].  The proposed devices may therefore find an enabling role in this 
important application area.   
 Ge is a CMOS compatible material, and the demonstration of Ge lasers is 
therefore highly attractive for the purpose of advancing the large-scale on-chip 
integration of photonic and electronic functionalities.  The search for a CMOS 
compatible diode laser has in fact been the subject of extensive research in the past few 
years, with present efforts mostly focused on the heterogeneous integration of III-V 
semiconductor laser materials on Si substrates (as reviewed, e.g., in [63]).  Recently, a 
truly group-IV near-infrared diode laser has also been reported [64], based on the use of 
highly degenerate n-type doping (~ 41019 cm-3) in plastically relaxed Ge grown on Si, so 
as to create a sufficiently large population of electrons even at the Γ point.  A small 
amount of tensile strain (0.25 %) was also introduced in the active material of these 
devices, based on an annealing process to take advantage of the difference in thermal 
expansion coefficient between Ge and Si.  However, the resulting laser performance is 
intrinsically plagued by exceedingly small efficiency, due to the large free-carrier 
absorption losses and fast nonradiative Auger recombination that take place in the 
  
25 
presence of high carrier densities. 
 Suspended Ge membranes under tensile strain can be directly fabricated on Si 
chips, with the mechanical stress introduced using methods from MEMS technology, as 
indicated in recent work involving films of micron-scale thickness [65, 66].  The Ge NM 
lasers could therefore be integrated on Si substrates, and seamlessly combined with other 
photonic and electronic devices for the realization of complex optoelectronic systems-on-
chip.  It should be noted that this approach is significantly more promising in terms of 
practical performance capabilities compared to the aforementioned n-type Ge lasers [64], 
as it does not require degenerate doping.  Furthermore, by virtue of their targeted 
wavelength range, tensilely strained Ge NM lasers integrated on Si chips would allow 
leveraging the full microelectronic device platform for novel biochemical sensing 
applications, as envisioned in the emerging field of mid-infrared silicon photonics [67, 
68]. 
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3.2 Background Information 
In this section, I will review prior work carried out by other students in our group that 
demonstrates the suitability of Ge NMs for light source applications. 
 
3.2.1 Optical Gain in Tensilely Strained Ge 
The use of biaxial tensile strain to improve the interband radiative efficiency of Ge and 
enable optical gain has recently been the subject of extensive research interest [53, 55-61, 
65, 66, 69-74].  The underlying idea is illustrated in Figure 3.1(a), where I plot the Ge 
bandgap energies between the Γ or L conduction-band minima and the HH or LH 
valence-band maxima versus strain , as computed using deformation potential theory 
[52, 75].  The application of tensile strain (i.e.,  > 0) has the effect of lowering the 
conduction-band edge at the direct (Γ) point relative to the L-valley minima (which 
determine the fundamental bandgap at zero strain).  At the same time, the degeneracy of 
the valence bands at Γ is lifted, with the LH band pushed to higher energy relative to the 
HH one.  As a result, all four bandgap energies plotted in Figure 3.1(a) are found to 
decrease with increasing tensile strain, but at different rates.  The formation of direct-
bandgap Ge is observed in this figure as the crossing of the direct and indirect bandgap 
energy curves at a strain of about 1.9 %.  To illustrate these results further, the schematic 
band structures of Ge in the unstrained case and under 2 % tensile strain are plotted in 
Figure 3.1(b) and 3.1(c), respectively.  In the latter case, the Γ valley is lowered below 
the L valleys, so that under optical or electrical pumping a large fraction of the injected 
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electrons can thermalize near the Γ minimum, where they can efficiently recombine 
radiatively and establish a population inversion.   
 
 
Figure 3.1 (a) Calculated bandgap energies between the Γ or L 
conduction-band minima and the HH or LH valence-band maxima, 
plotted as a function of strain.  (b) Schematic band structure of 
unstrained Ge.  (c) Schematic band structure of Ge under 2 % biaxial 
tensile strain.  In (b) and (c), the relative positions of all band edges 
correspond to their calculated values.  
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Figure 3.2 Optical gain properties of tensilely strained Ge.  (a) 
Calculated TE and TM optical gain spectra due to cΓ-LH and cΓ-HH 
transitions in Ge under 1.78-% biaxial tensile strain, in the presence 
of a carrier density of 3.91018 cm-3. (b) Peak TM gain coefficient due 
to cΓ-LH transitions, calculated as a function of carrier density for 
different strain values.  (c) Transparency carrier density and (d) 
wavelength of maximum TM gain, calculated as a function of strain.  
 
 The resulting optical gain properties, calculated using standard formulas [52, 75], 
are summarized in Figure 3.2, for the case of undoped Ge at room temperature [61].  In 
Figure 3.2(a) we plot exemplary gain spectra for both transverse electric (TE) and 
transverse magnetic (TM) polarizations due to both conduction-to-light-hole (cΓ-LH) and 
conduction-to-heavy-hole (cΓ-HH) direct transitions.  TE and TM polarizations here refer 
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to linear polarization along the directions parallel and perpendicular to the plane of the 
NM, respectively.  The tensile strain  and the carrier density N (including both Γ and L 
electrons) used in these calculations are 1.78 % and 3.91018 cm-3, respectively, which 
correspond to actual values measured with a mechanically strained, optically pumped Ge 
NM [see Figure 3.4(d) below].  Gain in this case is only obtained from the cΓ-LH 
transitions, due to the higher electron energy (and therefore larger hole occupancy) of the 
LH band compared to the HH band under tensile strain.  Furthermore, the gain in Figure 
3.2(a) is significantly stronger for TM- (as opposed to TE-) polarized light, due to the 
proportionally larger TM component of the cΓ-LH optical matrix element under tensile 
strain [76].   
 Relatively large TM peak gain coefficients can be obtained from these cΓ-LH 
transitions depending on the injected carrier density and applied tensile strain, as shown 
in Figure 3.2(b).  In Figure 3.2(c) we plot the transparency carrier density NT (i.e., the 
carrier concentration needed to reach population inversion and therefore positive gain) as 
a function of strain.  Reasonably small values of less than 21018 cm-3 are obtained at 
strain levels above about 1.4 %.  These values are comparable to those of traditional 
optical gain media based on III-V semiconductors [52, 75], indicating that tensilely 
strained Ge NMs are similarly suited to the development of diode lasers.  Finally, in 
Figure 3.2(d) we plot the calculated wavelength of maximum gain (at a fixed carrier 
density of 51018 cm-3) versus strain.  A strong red shift with increasing tensile strain is 
observed, consistent with the strain dependence of the bandgap energies shown in Figure 
3.1(a).  It follows from this plot that stimulated emission across the 2.1–2.5 μm 
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wavelength region can be obtained in the low-transparency strain regime (i.e., for  > 1.4 
%).   
 The main challenge that has so far prevented taking advantage of these favorable 
optical properties is the ability to introduce the required levels of tensile strain in Ge 
films of high crystalline quality.  As already mentioned, the traditional approach of 
heteroepitaxy is in this case complicated by the lack of suitable substrates with the 
desired lattice mismatch with Ge.  Recently, the use of (Si)GeSn [55, 69] and InGaAs 
[72, 73] templates has been investigated for this purpose, but the resulting epitaxial 
growth process is quite complex and has not yet resulted in any device demonstrations.  
In passing, we note that the alloy GeSn can feature a direct bandgap even without any 
strain at sufficiently high Sn concentrations; this property has been recently exploited for 
the demonstration of optically pumped lasing, but only at cryogenic temperatures [78]. 
 An alternative method to introduce strain in crystalline Ge is the application of 
external mechanical stress.  In the case of bulk samples, this approach can only be used to 
produce relatively low tensile strain levels (e.g., about 0.6 % in the work of [70]) before 
the onset of significant extended-defect formation.  In contrast, single-crystal NMs can 
provide substantially larger strain thresholds for plastic deformation and cracking, by 
virtue of their nanoscale thicknesses.  Specifically, because the amount of strain energy 
stored in a film is directly proportional to its thickness, even under large mechanical 
stress nanoscale membranes contain insufficient strain energy to drive defect formation 
[77]. 
  
  
31 
 
Figure 3.3 Schematic illustration of the Ge NM fabrication process 
used in the work of [60] and [61]. 
 
3.2.2 Strain-Enhanced Light Emission from Mechanically Stressed Ge 
Nanomembranes 
As an important initial step in this research, our group has recently reported strain-
enhanced direct-bandgap light emission and evidence of pumping beyond optical 
transparency in Ge NMs [60, 61].  The NMs used throughout this work were provided by 
Prof. Lagally’s group at the University of Wisconsin-Madison.  Their fabrication process 
is illustrated in Figure 3.3.  Free-standing Ge NMs are first created by removing the 
buried oxide (BOX) layer of a Ge-on-insulator (GOI) (001) substrate via wet etching.  To 
allow easy etchant access to the BOX, before this step lithographically defined holes are 
patterned through the Ge template layer.  After the BOX is fully dissolved in the wet 
etch, the NMs settle on the underlying Si substrate, from which they are subsequently 
transferred and bonded onto flexible polyimide (PI) films.  Finally, an additional wet etch 
Si substrate
Ge template 
buried oxide
(BOX)
Ge-on-insulator substrate (GOI)
Etchant access holes are 
patterned in the Ge layer
The BOX is dissolved 
by wet etching
A flexible adhesive-coated polymide
(PI) film is pressed onto the Ge NM
The Ge NM is finally 
transferred and bonded 
onto the PI film, and then 
thinned to the desired 
thickness using a wet etch
(a) (b) (c)
(d) (e)
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is used to reduce the NM thickness to the desired value.   
 In order to obtain the desired levels of tensile strain in a highly controllable 
fashion, the NM/PI film is used to seal an otherwise rigid cavity that is then filled with 
high-pressure gas.  A schematic diagram of the sample mount is shown in Figure 3.4(a), 
together with an optical-microscope image of a Ge NM on PI.  In this arrangement the 
NM effectively lies on the surface of an expanding sphere, so that the resulting strains are 
biaxial.  The strain magnitude was measured as a function of applied gas pressure by our 
collaborators in Wisconsin using Raman microscopy.  In Figure 3.4(b) we show several 
room-temperature photoluminescence (PL) spectra measured from a 40-nm-thick 
undoped Ge NM at different strains up to 1.78 % [60].  A large increase in emission 
efficiency and a pronounced red shift are clearly observed with increasing tensile strain, 
consistent with expectations.  The PL spectra could be numerically fitted with multiple 
Gaussian curves, and the resulting peak emission energies are plotted versus strain in 
Figure 3.4(c) (symbols), where they are found to be in good agreement with the 
calculated direct and indirect conduction-to-heavy-hole and conduction-to-light-hole 
bandgap energies [solid lines – same as in Figure 3.1(a)].  The relatively small 
discrepancy observed at high strain (when a high density of Γ electrons is created) can be 
attributed to band-filling effects.   
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Figure 3.4 (a) Micrograph of a Ge NM bonded on a PI film, and 
diagram showing the sample mount.  (b) PL spectra of a 40-nm-thick 
Ge NM at different strains (shifted vertically relative to one another 
for the sake of illustration clarity).  (c) Lines: calculated Ge bandgap 
energies versus strain.  Symbols: experimental emission energies.  (d) 
Symbols: normalized PL spectrum from (b) at 1.78 % strain, plotted 
versus photon energy.  Dashed red lines: Gaussian fits.  Solid blue 
line: calculated spontaneous emission spectrum.  Inset: Schematic 
band diagram of Ge at 1.78 % strain, and estimated position of the 
quasi-Fermi levels relative to the band edges in this experiment.  (e) 
Lines: calculated Ge bandgap energies versus strain.  Symbols: 
experimental emission energies of a 24-nm-thick Ge NM.  Inset: PL 
spectrum at 2.00% strain. 
 
 A detailed analysis of the PL spectrum of Figure 3.4(b) at the highest measured 
strain (1.78 %) also indicates that in this experiment the NM was already pumped above 
the onset of optical transparency [60].  Specifically, at this strain level the valence band 
splitting is sufficiently large that the cΓ-LH and cΓ-HH emission peaks can be separately 
resolved in the PL spectrum [see Figure 3.4 (d)].  As a result, the carrier density N 
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produced by the PL pump pulses in the NM could be uniquely determined based on the 
relative strengths of these two peaks, and then compared to the calculated transparency 
value.  In particular, using standard expressions for the spontaneous emission spectrum of 
a bulk semiconductor [52, 75], a value of N = 3.9×10
18
 cm
-3
 is obtained, which is well 
above the calculated transparency carrier density of Ge under 1.78 % tensile strain [N
T
 = 
1.5×10
18
 cm-3 as shown in Figure 3.2(c)].  The same NM under the same strain and 
pumping conditions, if placed in a suitable waveguide, would therefore provide optical 
amplification.  However, in the present experimental geometry (where light is collected 
along the sample surface normal) no indications of stimulated emission and gain could be 
observed, due to the ultrasmall propagation length (< 40 nm) of the detected light in the 
NM.   
 Similar data analysis presented in [61] shows that population inversion under 
similar pumping conditions can already be established at lower tensile strain levels of 
only about 1.4 %, albeit with smaller peak gain coefficients.  These observations are 
consistent with the theoretical predictions summarized in Figure 3.2 and provide an 
important guideline on the required amount of mechanical stress for the demonstration of 
Ge NM lasers.  It should also be noted that, while population inversion in these tensilely 
strained NMs predominantly involve the LH valence band [see Figure 3.2(a)], light 
emission via cΓ-LH transitions is mostly TM polarized, as discussed previously, and 
therefore propagates in the plane of the NM.  As a result, the cΓ-LH transitions end up 
giving a weaker contribution to the vertical-emission PL measurements of Figure 3.4 
compared to the cΓ-HH transitions.  The demonstration of laser action in tensilely 
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strained Ge NMs (as well as the full measurement of their strain-enhanced radiative 
efficiency) will therefore require the development of in-plane waveguides for TM-
polarized light.   
 Finally, the symbols in Figure 3.4(e) show the peak emission energies versus 
strain obtained with a thinner (24 nm) Ge NM [60].  The PL spectra in this case are 
substantially weaker, due to smaller pump light absorption and increased surface 
recombination in thinner samples.  As a result, only the main peak due to the (TE-
polarized) cΓ-HH transitions can be fully resolved in our vertical-emission PL 
measurements.  At the same time, the smaller NM thickness allows introducing larger 
amounts of tensile strain before the onset of plastic deformation, even beyond the strain 
threshold where the Γ minimum falls below the L valleys.  In particular, at the highest 
applied pressure, the measured values of both strain and emission energy shown in Figure 
3.4(e) are consistent with the formation of direct-bandgap Ge.   
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3.3 Grating Coupled Light Emission from Tensilely Strained Ge 
Nanomembranes 
The theoretical and experimental work reviewed in the previous section has shown the 
feasibility of tensilely-strained Ge NM optical gain media, which represent the first key 
ingredient for the development of a laser device.  The other key ingredient is an optical 
cavity that can provide the optical confinement and feedback required for laser action.  
As discussed previously, stimulated emission in tensilely strained NMs mainly involves 
cΓ-LH transitions, which mostly produce TM-polarized light propagating in the plane of 
the NM.  Therefore, the development of a suitable optical cavity will require the 
formation of a planar dielectric waveguide that can confine the emitted TM light along 
the vertical (i.e., out-of-plane) direction with sufficiently large overlap with the NM gain 
medium.   
 The main challenge in this respect is related to the ultrasmall thicknesses of the 
envisioned NMs (a few tens of nanometers), well below the expected laser emission 
wavelength (> 2 μm).   As a result, the NM active layer by itself can only support very 
weakly confined guided modes (if any), especially for the case of TM polarization.  In 
fact, in the simple geometry employed in the previous measurements, where an ultrathin 
NM is surrounded by the PI substrate on one side and air on the other, electromagnetic 
calculations indicate that no guided TM modes even exist.  Therefore, sufficiently thick 
and high-refractive-index optical guiding layers need to be added on the NMs to produce 
stronger vertical confinement.  Unfortunately, such guiding layers cannot be simply 
fabricated using flexible polymeric materials, which generally feature relatively low 
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refractive indexes close to that of PI (~ 1.7).  At the same time, if continuous films of 
higher-index rigid materials were employed, their presence would compromise the device 
mechanical flexibility and its ability to sustain large amounts of strain without structural 
damage.   
 To address this issue, we have developed optical guiding layers consisting of two-
dimensional arrays of non-touching high-index dielectric columns.  By virtue of their 
disconnected nature, these array films can be arbitrarily thick without limiting the 
maximum strain that can be introduced in the NM, at least in the regions between 
neighboring columns.  At the same time, they can contribute to the vertical optical 
confinement of the emitted light, if their spatially averaged refractive index is sufficiently 
large.  Furthermore, if the columns are arranged on the NM plane in a periodic fashion 
(therefore comprising a photonic crystal “slab” [79]) with periodicity matching the 
emission wavelength, they can simultaneously provide in-plane optical feedback via 
diffractive scattering; this idea is described in more detail in the next section.  
 
 
Figure 3.5 Schematic cross-sectional view of the proposed Ge-NM/a-
Ge-array waveguide geometry.  
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 A possible choice of the column material is amorphous germanium (a-Ge), given 
its relatively high refractive index and small absorption (due to lower strain levels in the 
column material and hence larger bandgap energies) in the spectral region of interest.  
The optical waveguides therefore consists of an ultrathin Ge NM bonded onto a flexible 
PI film, with a disconnected array of a-Ge columns fabricated on the NM top surface.  
The whole structure is then capped with a spin-on PI cladding layer, so as to produce a 
symmetric refractive index environment around the Ge-NM/a-Ge-array core layer, which 
is favorable to maximize the optical confinement of TM-polarized modes.  A schematic 
cross-sectional view of the resulting geometry (not drawn to scale) is shown in Figure 
3.5. 
 Figure 3.6 shows an SEM image of a fabricated square-periodic array of 
cylindrical a-Ge columns.  The fabrication process involves electron beam lithography 
(EBL) to pattern an array of holes in a previously spun poly(methyl-methacrylate) 
(PMMA) resist, followed by a-Ge deposition by electron-beam evaporation, and lift-off.  
 
Figure 3.6 SEM image of a periodic array of a-Ge pillars fabricated 
on a Ge NM on PI. 
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Figure 3.7 Normalized PL spectra measured with a Ge NM/array 
sample for different values of the applied stress and of the average 
pump power.  The estimated biaxial tensile strain in the NM is also 
listed in the insets.  
 
 Figure 3.7 shows the room-temperature PL spectra of a 30-nm-thick Ge NM 
coated with a similar grating and then capped with PI, measured with the setup of Figure 
3.4(a) at different applied gas pressures and at different average pump powers (indicated 
in the insets) [80].  The PL spectra provide promising indications regarding the 
effectiveness of the grating to perform its intended duties.  At high strain levels [Figure 
3.7(b)-(d)], two luminescence peaks are clearly observed, associated with cΓ-HH and cΓ-
1400 1800 2200 2600
0
10
20
30
40
50
60
 
 
P
L
 I
n
te
n
s
it
y
 [
a
.u
.]
Wavelength [nm]
 1 mW
 0.5 mW
1400 1800 2200 2600
0
10
20
30
40
50
 
 
P
L
 I
n
te
n
s
it
y
 [
a
.u
.]
Wavelength [nm]
 1 mW
 0.5 mW
1400 1800 2200 2600
0
10
20
30
40
 
 
P
L
 I
n
te
n
s
it
y
 [
a
.u
.]
Wavelength [nm]
 1 mW
 0.5 mW
1400 1800 2200 2600
0
10
20
30
40
 
 
P
L
 I
n
te
n
s
it
y
 [
a
.u
.]
Wavelength [nm]
 1 mW
 0.5 mW
(a) (b)
(c) (d)
310 kPa / 1.22% 414 kPa / 1.44%
517 kPa / 1.72% 621 kPa / 2.01%
  
40 
LH transitions from shorter to longer wavelengths.  As we increase the gas pressure, both 
peaks red shift while their separation increases and the cΓ-LH feature becomes 
progressively stronger and eventually dominates the luminescence spectrum, which is 
consistent with the higher hole population of the LH band compared to the HH band.  
This behavior is more obvious at the lower pump power used in these measurements (0.5 
mW), where the number of photoexcited holes that can be created in the HH band is 
particularly small.  By comparison, in the previous work shown in Figure 3.4(b) (where 
no diffractive arrays were employed) single-peak emission spectra were consistently 
measured centered at the shorter cΓ-HH transition wavelength, due to the predominantly 
in-plane-propagating nature of the cΓ-LH emission.  In the present sample, this in-plane 
emitted light is efficiently out-coupled in the vertical direction via first-order diffraction 
by the a-Ge column array, so that the full shape of the emission spectrum can be 
measured.  At the highest applied stress of Figure 3.7(d), a peak emission wavelength as 
long as 2.4 μm is obtained.  These results directly demonstrate the predicted ability of 
tensilely strained Ge to provide interband light emission in the technologically important 
2.1-2.5 μm MIR spectral range. 
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3.4 Development of Photonic Crystal Cavities for Vertical Light Emission 
Although the previous samples with a-Ge gratings directly fabricated on top of Ge NMs 
have the ability to out-couple the TM polarized light from the cΓ-LH transitions, no clear 
evidence of optical feedback or cavity modes can be observed from the PL spectra.  The 
reason could be related to two loss mechanisms.  First, the cavity geometry (including the 
grating period and the column thickness and diameter) was not optimized to produce 
strong in-plane feedback at the desired emission wavelength (> 2 μm).  In other words, 
the light emitted from the Ge NMs is easily diffracted out of the cavity in the vertical 
direction instead of bouncing back and forth inside the cavity to enhance the stimulated 
emissions.  This mechanism is accounted as radiation loss of the cavity.  Second, the 
column material is e-beam evaporated a-Ge which typically features long band tails that 
extend into the band gap and act as absorbing centers, thereby introducing absorption loss 
in the cavity.  In the following sections, I will discuss how to address these two loss 
mechanisms.  To address the radiation loss, I performed a detailed numerical study to 
optimize the design of the cavity geometry.  To eliminate the absorption loss, I developed 
a radically new fabrication process that enables the use of single-crystal Si as the column 
material to form the photonic crystal cavity.  Since Si has larger band gap energy than 
Ge, it is transparent to the Ge luminescence.  Furthermore, the use of single-crystal 
materials avoids the problem of band-tail state absorption. 
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3.4.1 Cavity Design 
As mentioned above, there are three geometrical parameters that must be specified for the 
design of laser cavities based on 2D PhC slabs.  These are the lattice constant a, the slab 
thickness or column height H and the diameter of each columns D.  A related parameter 
that is very useful for numerical calculations and for understanding the cavity properties 
is the fill factor f, which is defined as the fraction of the slab surface area occupied by the 
dielectric columns.  In typical 2D PhC slabs, the columns are arranged in two lattice 
types (square or triangular) as shown in Figure 3.8.  
 
 
Figure 3.8 Schematic illustration of the two main PhC cavity lattice 
type (a square lattice on the left and a triangular lattice on the right) 
and cross-sectional view of the device under study in the middle. 
 
 The optical feedback and out-of-plane diffraction mechanisms can be understood 
in terms of the mutual coupling among waves propagating along different in-plane and 
out-of-plane directions, as enabled by the requirement of momentum conservation 
including the crystal lattice momentum.  The coupled wave theory (CWT) [81] can be 
used to establish a relation between the strength of such couplings and the fill factor for 
any given lattice type.  First, let’s consider the square lattice array shown in Figure 3.9 
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with four basic waves E1, E2, E3, and E4 propagating in the x-y plane indicated by the 
arrows. The coupling coefficients can be written in the following form [81]: 
     
         
 
         
    
, 
where G is a reciprocal lattice vector, f is the fill factor, na and nb are the effective indices 
of the regions with and without columns, respectively, λ is the Bragg wavelength given 
by λ = a nav, nav is the averaged effective index and a is the lattice constant.  Finally, J1 is 
the Bessel function of the first kind and R is the radius of the columns. 
 
 
 
Figure 3.9 Square lattice array in real space with four basic waves, 
and schematic description of the coupling action in reciprocal space.  
 
 We can identify three main types of coupling actions among the four basic waves 
of wave vectors K1, K2, K3 and K4 as shown in Figure 3.9, each associated with a different 
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reciprocal lattice vector.  Coupling through G1 is responsible for out-of-plane diffraction, 
whereas G2 and G3 enable scattering in the orthogonal and reversed in-plane directions, 
respectively.  In detail, the three coupling coefficients can be written as follows: 
                
         
              
        
   
, 
                  
         
              
         
    
, 
                 
         
              
        
    
. 
In the expressions above, β0 = 2π/a is the unit vector of the reciprocal lattice.  The 
effective indices na and nb can be determined by solving two dielectric waveguide 
problems (involving a PI/Ge/Si/PI and a PI/Ge/PI stack, respectively) for the fundamental 
TM modes.  The material refractive indices of Si, Ge and PI at 2 μm used in these 
calculations are 3.4, 4.1 and 1.7 respectively.  For a given column thickness H = 500 nm 
and Ge NM thickness of 50 nm, we find na = 2.946 and nb = 1.708.  Figure 3.10 shows 
the resulting coupling coefficients plotted as a function of the fill factor by assuming a 
fixed lattice constant a = 1 μm.  
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Figure 3.10 Coupling coefficients of a square lattice as a function of 
fill factor. 
 
 We can perform the same analysis for a triangular lattice array with six basic 
waves as shown in Figure 3.11.  For triangular lattices, the coupling mechanisms are 
different compared to square lattices due to the different symmetry.  In this case, G1 is 
responsible for coupling between K1, K2, and K6 as well as for out-of-plane diffraction; 
G2 couples K1, K3 and K5; G3 enables coupling in the reversed directions (i.e., back 
reflections).  The corresponding coupling coefficients can be written as follows: 
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Figure 3.11 Triangular lattice array in real space with six basic waves, 
and schematic description of the coupling action in reciprocal space. 
 
 
Figure 3.12 Coupling coefficients of a triangular lattice as a function 
of fill factor. 
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 Figure 3.12 shows the coupling coefficients versus fill factor for a triangular 
lattice array under the same assumptions as the square lattice case of Figure 3.10.  In both 
lattice types, the coupling coefficient κ3 provides a quantitative measure of the direct in-
plane feedback strength and its magnitude is found to have two local maxima, at a fill 
factor of 0.11 and 0.58 for square lattices and 0.10 and 0.50 for triangular lattices.  It 
should be noted that although the effective index na varies with the column thickness H, 
the resulting variations in the coupling coefficients as a function of fill factor are very 
small because the term containing na in the expressions for κ is a slowly varying factor 
over the fast oscillating Bessel function.  Therefore, the maxima in κ3 always occur at the 
fill factor values mentioned above, regardless of the specific value of H.  By comparing 
the two lattice types, we can see that all three coupling coefficients contribute to in-plane 
feedback in triangular lattices but only two coefficients perform the same function in 
square lattices.  Therefore, we select the triangular lattice for our PhC slabs with a fill 
factor of about 0.5 to achieve simultaneously strong in-plane feedback and vertical 
confinement.   
 Vertical confinement of the optical power in the Ge NM layer is another 
important parameter that needs to be optimized.  Once the fill factor of the column array 
is fixed, we can approximate the photonic crystal on the Ge NM as a simple dielectric 
slab waveguide by taking the spatial average of the refractive indices of Si and PI as 
shown in Figure 3.13(a).  Fig. 3.13(b) shows the refractive index profile and the power 
distribution of the fundamental TM mode along the vertical direction for a PhC slab with 
thickness H = 500 nm on top of a 50-nm Ge NM.  We can define the vertical confinement 
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factor ΓGe as the overlap integral of the optical power in the Ge NM layer, and calculate 
its variation as a function of slab thickness H as shown in Figure 3.13(c).  We can see that 
ΓGe has a maximum value of about 2.1 % when H is between 400 nm and 500 nm. This 
behavior is related to the fact that the active layer is not located at the center of the 
waveguide.  If H is too small, most of the optical power would not be confined in the core 
region and the overlap integral is small; if H is too large, the optical power would be 
tightly concentrated at the center of the PhC slab layer so that the overlap with the Ge 
layer also decreases.  This trade-off produces the optimum PhC slab thickness observed 
in Figure 3.13(c).    
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Figure 3.13 (a) Schematic illustration of the slab waveguide 
approximation of the PhC layer.  (b) Refractive index profile (blue) 
and the power distribution (red) of the fundamental TM mode along 
the vertical direction for a PhC slab with thickness H = 500 nm on top 
of a 50-nm Ge NM.  (c) Confinement factor ΓGe as a function of the 
slab thickness H.  
 
 The next geometrical parameter that needs to be determined is the lattice constant 
a which should be chosen such that the cavity resonance modes match the cΓ-LH 
emission peak from tensilely strained Ge NMs.  For this purpose, we need to examine the 
PhC cavity from another perspective, i.e., the band structure.  Figure 3.14(a) shows the 
band structure or dispersion curves of a triangular-lattice PhC slab for TM modes, 
calculated by using the plane wave expansion method (PWEM) [82].  The blue lines are 
the light lines in free space, above which light waves can radiate out of the slab.  Our 
attention is on the Γ-point modes indicated by A, B, C and D (A and C are degenerate).  
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These modes lie above the light line and therefore can radiate out of the plane.  At the 
same time, they correspond to the six equivalent Γ’ points in reciprocal space as shown in 
Figure 3.14(b), and if we plot the band structure in the extended-zone scheme they would 
appear below the light line and be confined in the slab.  The out-of-plane-coupling action 
discussed previously is equivalent to the folding action of the band structure.  The 
feedback process can be further understood by noting that the slopes of the dispersion 
curves are zero at the band edges, which indicates zero group velocity for these modes so 
that standing waves can be formed in the PhC cavity [83].  The characteristics of these 
out-of-plane-coupling and in-plane-feedback processes are similar to those of 
conventional 2nd-order distributed feedback (DFB) lasers [84] but in two dimensions. 
 
 
Figure 3.14 (a) Band structure of a triangular-lattice PhC slab for TM 
modes with blue lines indicating the light lines.  (b) Reciprocal space 
showing the six equivalent Γ’ points. 
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 In order to calculate the band structure in a way that can accurately reflect the 
performance of real devices, I followed the usual procedures described in [85] to obtain 
the effective indices na and nb as input parameters for the PWEM calculations.  
Specifically, first I use the slab-waveguide approximation of Figure 3.13 to calculate the 
electric-field distribution in the vertical direction and the effective index neff of the 
fundamental TM mode, using an eigenmode waveguide solver [86].  Next, I compute the 
field fraction in the photonic crystal layer ΓPC (a similar approach was used for the 
optimization of H in Figure 3.13).  Finally, I determine na and nb based on two 
assumptions: (1) neff equals the spatial average of na and nb; (2) the index difference Δn = 
na - nb is equal to the material index difference between Si (   ) and PI (   ) multiplied 
by ΓPC.  The resulting expressions for na and nb can be written as follows: 
                         , 
                     . 
The validity of these assumptions can be verified by comparing the calculated Γ-point 
resonance wavelengths to the emission spectra of real samples, as explained in later 
sections.  Calculations show that when a is about 1.2 μm, the Γ-point modes A, B, C and 
D covers the spectral range from 2 μm to 2.5 μm.   
 Last but not least, the band structure model assumes that the PhC cavities extend 
to infinity in the x-y plane, but real devices always have finite size.  In general, the 
column arrays should be fabricated as large as possible to mimic the infinite array model, 
but in reality, we need to determine how the finite size of the array affects the 
performance of the cavity.  Several theoretical models and numerical techniques have 
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been proposed to address this question based on a more rigorous CWT [87] and finite 
difference time domain (FDTD) simulations [88].  The results show that for small 
cavities the quality factor Q is proportional to L
2
 (L is the number of periods in each 
direction) and in general, at least L=200 periods are required for Q to converge to its 
asymptotic value with only a few percentage error [87].  
 Based on these considerations, I have finally reached a suitable cavity design with 
the following geometrical parameters: H ~ 450 nm, a ~ 1200 nm, D ~ 890 nm and L = 
200 periods in each direction.  
 
3.4.2 Cavity Fabrication 
With a finalized design at hand, my next effort has been to fabricate such devices based 
on Ge NMs.  Several challenges exist in the nano-fabrication processes.  On the one 
hand, if we employ the electron-beam-deposition and lift-off process, the resulting 
column arrays have large absorption losses as shown in previous sections.  Furthermore, 
the resulting columns usually have sloped side walls caused by heating during the long 
deposition process, which makes performance prediction difficult.  If we change the 
deposition method to sputtering or chemical vapor deposition to fabricate low-loss 
hydrogenated amorphous Si or poly-Si [89], it becomes very difficult to form tall column 
arrays.  The reason is that these two deposition processes have very good planar coverage 
that complicates the subsequent lift-off process.  On the other hand, if we discard the 
deposition and lift-off approach and employ a deposition and etch down process, we can 
achieve low-loss tall column arrays with straight side walls, but the ultra-thin underlying 
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Ge NM layer poses new challenges.  Specifically, if the sample is over-etched, the NM 
maybe damaged or even completely removed; if the sample is under-etched, the resulting 
continuous dielectric layer on the NM may compromise its mechanical flexibility.  
Similarly, if an etch-stop layer is inserted between the Ge NM and the deposited 
dielectric layer, its presence would also hinder the device performance, because in order 
to act as an etch stop, this material musk be rigid therefore cannot sustain large tensile 
strains. 
 My proposed solution to these challenges is to fabricate the column arrays on a 
different platform first, and then combine the cavity with the Ge-NM/PI structure.  The 
fabrication flow is shown in Figure 3.15. 
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Figure 3.15 Schematic illustration of the membrane-assembly device 
fabrication process. 
 
 Specifically, we start with a commercially available silicon-on-insulator (SOI) 
wafer with the desired 500-nm-thick single-crystal Si device layer, and then fabricate a 
chromium/aluminum mask that defines the PhC lattice pattern on the SOI top surface 
using electron beam lithography (EBL).  The Si column arrays are then formed by 
inductively-coupled-plasma reactive-ion-etching (ICP-RIE) with the buried oxide (BOX) 
layer used as the etch stop.  Next, we spin coat the column arrays with photosensitive 
liquid PI and cure the PI layer to strengthen its mechanical properties and chemical 
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resistance to acids [90].  A 49% hydrofluoric (HF) solution is then used to selectively 
etch away the BOX layer.  A photolithography step was used to pattern access holes in 
the top PI layer to facilitate the wet etch and finally the released Si column array 
embedded in PI is bonded onto a previously prepared Ge-NM/PI substrate.   
 The structural quality of arrays fabricated with this approach is illustrated in 
Figure 3.16   The optical micrograph of Figure 3.16(a) shows an entire array (the dark 
hexagonal shape) after transfer onto a Ge NM, and very good adhesion between the two 
membranes can be inferred from the lack of “bubble-like” features anywhere (the small 
circles seen in this image are the aforementioned etchant access holes).  In the higher-
magnification image of Figure 3.16(b), the individual pillars can be resolved, showing 
that the array periodicity is perfectly preserved within the PI membrane.  Finally, an SEM 
image of a similar array after the RIE step is shown in Figure 3.16(c), where highly 
uniform pillars with straight and smooth sidewalls are observed.  It should be noted that 
these pillars consist of high-quality crystalline Si (the SOI device layer material), so that 
absorption of the strained-Ge emission via band-tail states can be expected to be 
completely absent. 
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Figure 3.16 Images of Si-pillar arrays fabricated with the procedure 
described in the text. (a) Lower-magnification optical image showing 
the entire array (dark hexagonal region) after transfer onto a 
previously prepared Ge NM on PI.  The small circles are the etchant 
access holes used to facilitate the membrane release process.  (b) 
Higher-resolution image, showing the individual pillars within the 
array.  (c) SEM image of a similar array after the RIE fabrication 
step.  The scale bar is 500 nm. 
 
 It’s worth noting that this novel procedure of fabricating 2D PhC cavities can in 
principle be applied to other active material systems to develop photonic crystal surface 
emitting lasers (PCSELs) [91] operating at other wavelengths.  Because the light-
confining layer is embedded in a polymeric environment, the periodicity of the pattern 
can be maintained while the whole structure is subject to large mechanical deformations.  
This unique feature can potentially lead to a new family of mechanically flexible 
optoelectronic devices. 
 
3.4.3 Demonstration of Cavity Modes 
In this section, I will present PL data from several samples fabricated using the 
membrane-assembly approach discussed in the previous section.  All of the fabricated 
samples have a 500-nm-thick PhC slab layer on top of a 50-nm Ge NM encapsulated in 
(a) (b) (c)
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PI.  The PL measurements were performed at room temperature and using the setup of 
Figure 3.4. 
 
Figure 3.17 Strain-resolved PL spectra of a sample fabricated using 
the procedure described in Figure 3.15.  The lattice constant and 
column diameter of this sample are listed above the PL spectra. 
 
 Figure 3.17 shows the strain-resolved PL spectra of a sample with lattice constant 
a = 1060 nm and column diameter D = 850 nm, as estimated from SEM measurements.  
As the applied gas pressure is increased from 0 psi to 75 psi, the PL intensity increases 
significantly and the whole spectrum undergoes a large red shift, which again 
demonstrates that large tensile strain is introduced into the Ge NM layer.  In addition, 
several narrow features can be clearly observed, whose positions do not change as the gas 
pressure is varied.  These features can be associated with the PhC cavity resonances.  In 
passing we note that, while the Ge-NM/PI slab may also produce Fabry-Perot oscillations 
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in the emission spectra, the spacing of the measured resonances is not consistent with this 
interpretation (this conclusion is supported by the results of reflection measurements with 
similar samples).  
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Figure 3.18 Calculated transverse electric field profiles (left column) 
and their associated dispersion curves (right column) of the sample in 
Figure 3.17.   
 
 To further understand the effect of the PhC cavity, I have calculated the transverse 
mode profiles (along the vertical axis) of the PhC/Ge NM slab and their associated 
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dispersion curves.  The results for this sample are plotted in Figure 3.18.  This structure 
can support three guided modes, two with TE and one with TM polarization.  Their 
respective effective indices neff are listed above the electric-field distribution plots.  Each 
transverse mode has a different effective index and therefore experiences different in-
plane couplings and out-of-plane diffraction from the same PhC cavity.  The band 
structures are calculated by PWEM following the procedures described in the previous 
section.  The symbols in Figure 3.18 indicate the Γ-point resonances and their 
corresponding wavelengths are listed next to each plot.  The underscored values match 
quite well with the measured resonance wavelengths in the PL spectra.  The main peak in 
the spectrum can be assigned to the TM-mode Γ-resonance, which substantiates the 
prediction that under large tensile strain the cΓ-LH transition (which is mostly TM 
polarized) dominates.  The other features in the PL spectra can be associated with TE2 
mode resonances, which also feature a large overlap with the active Ge NM layer, as can 
be seen from the transverse electric-field distribution plots.  It should also be noted that 
although the TE1 mode has the largest overlap with the active layer, its Γ point 
resonances lie at longer wavelengths above 2 μm.  Photons in this spectral region can 
only come from cΓ-LH transitions under high tensile strains and therefore are mostly TM 
polarized.  As a result, these resonances could not be observed in the spectra of Figure 
3.18. 
 A distinctive property of PhC cavities is the scaling of their resonance frequencies 
with the physical dimensions of the cavity [79].  This property provides a straight 
forward way to tune the cavity mode wavelengths by simply changing the lattice constant 
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of the column array.  To confirm the PhC nature of the measured PL resonances, I have 
fabricated two more samples with longer lattice constants.  Their PL spectra are plotted in 
Figure 3.19 together with those of the previous sample.  The lattice constant and column 
diameter values are indicated above each PL graph. 
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Figure 3.19 PL spectra of the three fabricated samples (left column 
with lattice constant and column diameter values listed on each 
graph) and their TM mode dispersion curves (right column). 
  
63 
 As expected, when the PhC lattice constant is increased, the resonance features in 
the PL spectra move to longer wavelengths.  Band structure calculations were also 
performed for the two new samples of Fig. 3.19 and the results for the TM1 mode are 
shown in the right panels of the same figure.  The agreement between PL measurements 
and band structure calculations is again very good.  The feature that can be associated 
with the TM mode resonance (indicated by the vertical arrows in the PL plots) moves 
from 1800 nm to 1900 nm to 2100 nm as the lattice constant is increased from 1060 nm 
to 1170 nm to 1340 nm.  It should be noted that in these samples the column diameter is 
increased proportionally to the lattice constant (by maintaining a fixed fill factor) so that 
the resonance frequencies remain linearly proportional to the lattice constant.  These 
results not only demonstrated the existence of PhC cavity modes in the emission spectra, 
but also their tunability by simply scaling the cavity physical dimensions. 
 
3.4.4 Quality Factor Analysis  
The PL data presented in previous section show clear cavity mode features, but 
stimulated emission still could not be observed.  A quality factor analysis can provide 
some insight into the overall performance of the fabricated devices and can suggest 
possible solutions for improvements. 
 First, we can fit the measured high-strain PL spectra with multiple Gaussian peaks 
as shown in Figure 3.20 for a sample with a = 1150 nm, D = 850 nm at 80 psi.  The 
symbols in the plot are the measured PL data, while the green and red curves are the 
individual Gaussian fitting curves and their sum, respectively.  The narrowest Gaussian 
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peak located at 1900 nm (corresponding to the TM mode) has a full width at half 
maximum (FWHM) of 33 nm.  This procedure allows us to estimate the total quality 
factor Qtot by using the definition           , where λ0 is the center wavelength of the 
resonance and  λ is its FWHM.  Therefore Qtot is about 58 according to the experimental 
results of Figure 3.20.  Since the quality factor of an optical resonator is also equal to the 
ratio between the stored and dissipated power, it can be equivalently written as     
              , where αtot is the total loss coefficient of the cavity.  With this expression 
we find αtot = 1292 cm
-1
 for the present device.  This amount of loss together with the 
estimated 2.1% confinement factor suggests that a material gain of more than 60000 cm
-1
 
is required to reach the lasing threshold, which is about two orders of magnitude larger 
than what can be obtained with tensilely strained Ge. 
 
Figure 3.20 PL data and Gaussian fitting curves of a sample with a = 
1150 nm, D = 850 nm at 80 psi. 
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 To further clarify the loss mechanism, we can decompose the total quality factor 
into four components as                                            .  The 
first two terms describe the out-of-plane and in-plane radiation loss due to vertical out-
coupling and the finite size of the cavity, respectively.  The third term accounts for 
scattering loss due to defects in the PhC cavity and in the Ge NM layer.  The last term is 
related to absorption loss either from free carrier absorption in the Ge NM or from the 
cavity material.  Since the Ge NMs are intrinsic materials (i.e., with no intentional 
doping) and the PhCs are formed by single-crystal Si (also with no intentional doping), 
the absorption loss is expected to be relatively small so that we can ignore the last term. 
 The radiation losses are governed by the photon behavior at the Γ point of the 
PhC band structure and are related to the size of the column array.  In particular,    for 
the singly-degenerate Γ-point modes and for one of the doubly-degenerate modes can 
grow exponentially fast to infinity when the PhC array is made infinitely large, while the 
remaining doubly-degenerate Γ-point mode stays at a low finite value.  This low    
mode is called leaky mode [92, 93], should be avoided in laser devices where reducing 
threshold is of critical importance, but it could be useful for light emitting diodes (LEDs) 
to improve light extraction.  The nature of the high    modes can be understood as a 
symmetry mismatch between the PhC slab eigenmodes and out-of-plane radiation modes 
[92].  Equivalently, the forward and backward propagating components of these high    
modes interfere destructively with one another when they are coupled out of the plane 
which leads to extremely small vertical radiation loss [84].  The narrowest cavity mode in 
the PL spectra corresponds to a singly-degenerate Γ-point mode; therefore its radiation 
  
66 
loss is dominated by the parallel component  , which is related to the finite size of the 
cavity.  In contrast to  ,    scales with L
2
 where L is the number of columns in each in-
plane direction.  This scaling relation can be derived from the definition         
[94], where ω is the resonance frequency and      is the average photon lifetime before 
radiating out of the cavity edges in the plane.  We can approximate the dispersion curves 
near the Γ point with a parabola as      so that the group velocity           .  
According to uncertainty principle, when an optical mode is confined in a region of 
length La, we can take       so that    and therefore    scales as 1/La.  Finally, by 
writing the photon lifetime as         , we obtain the relation        
 .  For the 
measured devices, by calculating the band structure curvature at the Γ point and using the 
device size L = 200, we can actually estimate the value of    to be above 10
4
, which 
means the radiation loss coefficient is smaller than 10 cm
-1
.  This calculation suggests 
that the lateral size of the cavity should not be the limiting factor of the device 
performance.  
 Therefore, most of the measured loss is attributed to the scattering term in    .  
In fact, several scattering centers can be easily observed from the microscope image of 
the device in Figure 3.16.  These scattering centers or defects are likely introduced during 
the Ge NM fabrication process and their density can be quite high.  Importantly, their 
existence effectively divides the whole PhC device into multiple cavities, each having a 
relatively small effective size L, thereby causing a reduction in    and  .  This recurring 
effect leads to the large measured loss value that has so far prevented our devices to lase. 
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4 CONCLUSIONS AND FUTURE DIRECTIONS 
In this thesis work, I have studied two types of optoelectronic devices that operate in the 
mid-IR spectral region.  
 First, TPV detectors based on ISB transitions in specially designed QC structures 
were designed and numerically simulated.  Theoretical investigations show that very high 
energy conversion efficiency can be achieved by integrating multiple-junction QC 
structures with a traditional interband p-n junction device.  These results may provide a 
promising new approach to improve energy extraction efficiency from thermal sources 
and should therefore strongly motivate the experimental development of such novel TPV 
devices. 
 In the second part of this work, light emitting devices based on Ge NMs were 
investigated theoretically and experimentally.  In particular, 2D PhC slab cavities in the 
form of Si column arrays were designed and fabricated on top of the Ge NM active layers 
to simultaneously address the vertical confinement and in-plane feedback requirements.  
Furthermore, a novel membrane assembly fabrication process was developed to address 
the cavity absorption issue.  The developed PhC cavity fabrication method can in 
principle be applied to other materials platforms for the development of a new family of 
flexible optoelectronic devices.  PL measurements demonstrate clear Γ-point cavity 
modes in the fabricated devices and a detailed Q analysis suggests that the performance 
of these devices is limited by cavity or material defects.  Future efforts should be focused 
on reducing the scattering loss associated with these defects.  This endeavor may require 
revisiting the NM fabrication process to improve the surface quality upon release from 
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the original GOI wafer and transfer on the PI substrate.  Furthermore, we can explore a 
way to fabricate the PhC cavity on the GOI wafer first, and then release and transfer the 
whole structure on PI.  Such process requires only one release and transfer step, so that 
the chance of creating defects is smaller. 
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APPENDIX 
I was involved in a collaborative project with Prof. Moustakas’ group and Prof. Dal 
Negro’s group to develop an AlGaN based electron-beam pumped deep UV laser device 
[95-97].  Specifically, I developed a simulation procedure that can be used to calculate 
the threshold current density of any given AlGaN multiple-quantum-well (MQW) laser 
structure under electron-beam pumping.  The simulations are based on two key 
assumptions.  First, we assume that there is no intrinsic voltage drop across the MQW 
region, even though large piezo- and pyro-electric fields are present in the individual well 
and barrier layers.  This assumption can be expected to be approximately valid in the 
presence of high carrier densities (i.e., under high injection conditions), due to the 
resulting screening of the internal fields.  Second, we assume that all the carriers created 
in the MQW active region are captured inside the wells (including the carriers generated 
in the barrier layers, which can be expected to rapidly drift towards the adjacent wells 
under the action of the internal electric fields).   
 The developed simulation procedure was primarily used to address the following 
design questions: 
1. What is the optimum number of QWs in the active region? 
2. What is the optimum Al concentration in the barriers? 
 To answer these questions, I started with an initial design, which consists of 100 
Al0.7Ga0.3N/AlN QWs sandwiched between a thick AlN template layer and a 100-nm AlN 
cap layer.  The well and barrier widths are 1.5 nm and 3 nm, respectively, giving a total 
active-region thickness of 450 nm, which is optimized for the purpose of collecting the 
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majority of carriers created by a 10-kV incident electron beam.  In my simulations I then 
varied the number of QWs NQW, while keeping the well width and the total active-region 
thickness fixed (and therefore correspondingly changing the barrier width).  Initially, all 
the layer compositions were also kept the same as in the initial design.   
 Figure A.1 shows the calculated threshold current density as a function of NQW.  
In general, the larger the number of wells, the larger the optical confinement, which is 
favorable to reduce the threshold gain coefficient; at the same time, however, the carrier 
density injected in each QW decreases with increasing NQW, so that a higher current 
density is needed to reach transparency.  Based on the results shown in Figure A.1, the 
tradeoff between these two competing factors is optimized when the number of wells is 
approximately 10 in the present case.   
 
 
Figure A.1 Calculated threshold current density as a function of the 
number of quantum wells. 
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 To answer the second question, I computed the threshold current density as a 
function of the Al concentration in the barriers.  The results are shown in Figure A.2 for 
the case of a structure with 10 Al0.6Ga0.4N QWs and with the same well width and total 
active-region thickness as the initial design.  The threshold current density here is found 
to reach a minimum when the Al concentration is about 80%, as a result of the tradeoff 
between optical and carrier confinement.  Specifically, as the Al concentration in the 
barriers is decreased, the wells become progressively shallower leading to a reduced 
carrier confinement (and therefore reduced material gain coefficient); at the same time, 
however, the optical confinement increases due to the larger average refractive index in 
the active region. 
 
 
Figure A.2 Calculated threshold current density as a function of the 
Al concentration in the barriers. 
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 Gain characterization was performed by Prof. Dal Negro’s group using a variable-
stripe-length (VSL) technique on samples grown in Prof. Moustakas group by molecular 
beam epitaxy (MBE) that feature band structure potential fluctuations.  Amplified 
spontaneous emission (ASE) results demonstrated significant optical gain in these 
samples as shown in Figure A.3 in the deep UV spectral region.  These findings pave the 
way for the demonstration of solid-state lasers with sub-250 nm emission at room 
temperature.  
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Figure A.3 Experimentally measured net modal gain as a function of 
the emission energy for TE (square) and TM (circle) polarizations. 
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